studies and the odds ratios for very high current configuration (VHCC) vs low current configuration (LCC) varied between 0.7 and 3.0. Based on four studies with both wire code and MF data, however, the summary effect estimate for VHCC vs LCC was elevated and it remained elevated and almost unchanged even after adjusting for MF levels [odds ratio 5 1.6; 95% CI 1.2-2.3].
The other pooled analysis, by Ahlbom et al., 6 used more restrictive inclusion criteria, based on which they included four studies with calculated MFs and five studies with 24 or 48 h measured fields. There was no apparent association between MFs and childhood leukaemia below MF exposure level of 0.4 mT. However, the summary odds ratio for exposure .0.4 mT as compared with exposure ,0.1 mT was 2.1, with 95% CI at 1.3 and 3.3. Results were very similar when calculated field studies and measured field studies were analysed separately. Sensitivity analyses showed that results were not dependent on any one study, however, the largest number of cases in the highest analysed MF exposure category was contributed by the study conducted by the National Cancer Institute in the US. 7 In both pooled analyses, there was sufficient homogeneity of individual effect estimates to allow appropriate pooling of the results.
Possible interpretations of the association
In spite of the consistent epidemiological findings, it remains uncertain as to whether or not this association is causal. Following the publication of the two pooled analyses, chance was largely discounted as a likely explanation for the observed epidemiological association. Publication bias is very unlikely to occur, especially in the pooled analysis by Ahlbom, which included only recent and high quality studies in a time period when this research field received much scrutiny and when all ongoing studies were known. A potential causal relationship between some physical characteristics of ELF-MF exposure and childhood leukaemia remains one of the possible explanations for the consistently found association between ELF-MF and childhood leukaemia in epidemiological studies. However, the lack of convincing experimental evidence in either cellular or animal studies showing that environmental ELF-MF exposure may affect biological processes and increase risk of cancer development has been frequently interpreted as a major argument against a causal explanation. 1 Among potential alternative explanations, the role of confounding has been examined extensively. 1, 8, 9 In spite of this extensive research, no single confounder or set of confounders has been identified that could explain the association. Although the lack of an identified confounder should not strengthen one's belief in causality, it has been repeatedly used as an argument for a causal relationship between ELF-MF and leukaemia. Recently, exposure to contact current has been hypothesized to explain the ELF-MF-childhood leukaemia association. 10, 11 Although some recent work has been focused on contact current exposure, more research needs to be completed before contact current exposure could be considered as the culprit for the epidemiological association between ELF-MF and childhood leukaemia. Measurement error and exposure misclassification are also considered among the potential major sources of error in the ELF-MF-childhood leukaemia epidemiological studies. It is mostly agreed, however, that exposure misclassification is likely to be non-differential. Although the possibility of differential misclassification in selected studies has also been raised, the direction and magnitude of these types of errors remain speculative. 12, 13 Although there are numerous reviews of this literature, no attempt has been made to consistently examine the potential role of selection bias in the association between MF exposure and childhood leukaemia. In this paper we examine all relevant published literature and evaluate the potential magnitude and direction of bias. We also develop suggestions for further research that might elucidate this.
Potential role of selection bias in the EMF-childhood leukaemia association
Among the most likely non-causal explanations for the apparent epidemiological association between ELF-MF and childhood leukaemia, selection bias has been discussed repeatedly. [2] [3] [4] 14 Selection bias is a common and potentially serious problem of all case-control studies. Since most of the MF-childhood leukaemia epidemiological studies were case-control studies it has been proposed that selection bias may be fully or, at least, partially responsible for the described epidemiological association.
Selection bias has been characterized in many ways and epidemiology textbooks usually differentiate many types based on their mechanism and manifestation. Hernan et al., 15 however, recently showed that all types of selection bias have the same underlying causal 'common effects' structure. Hernan et al.
argued that an apparent association will develop between an exposure (E) and an outcome (D) within strata of a common effect (C) of the exposure (or a cause of exposure) and the outcome (or a cause of outcome).
In a case-control study, factor C could also be interpreted as an indicator (perhaps an indirect one) of the subjects' selection/ inclusion into the study. The probability of being selected is, by nature of the case-control studies, clearly dependent on the subjects' outcome status. For example, in a childhood leukaemia case-control study, cases of childhood leukaemia are much more likely to be included than healthy non-cases. In an epidemiological study of MFs, exposure may not directly determine the subjects' selection or inclusion probabilities, but the study subjects' socioeconomic status may influence both the subjects' selection or inclusion probability and their exposure status. In other words, in order for selection bias to occur through socioeconomic status, socioeconomic status needs to be related to subject participation and exposure to MFs, and participation needs to be differential by case-control status.
Hypothetical examples
In the following simple examples, we give an illustration of how differences in control inclusion probability and exposure prevalence across strata of a covariate (e.g. socioeconomic status) could distort the result of a hypothetical case-control study. Note, however, that our choices of parameters are not completely hypothetical, but are the best available estimates for the incidence of childhood leukaemia and prevalence of MF exposure.
Assumptions. Exposure is not causing the disease (i.e. the causal odds ratio is 1.0). Disease has an annual incidence of 0.00005 (5 per 100 000 per year). All incident cases occurring during the study period of 1 year could be included into the case-control study. Of the population, 20% has high (H20 population), 60% has intermediate (M60 population), and 20% has low (L20 population) socioeconomic status. Disease incidence is constant across all levels of socioeconomic status. In the M60 population, the prevalence of the exposure is 0.04 and the non-cases are included as controls in the study with a probability of 0.00005 (i.e. we select one control for each case).
In Example A (Figure 1 ), H20 population has the same exposure prevalence and control inclusion probability as M60 population. Figure 1 shows how changing control inclusion probability and exposure prevalence in the L20 population alone could distort the observed association. For example, if in the L20 population, the exposure prevalence is 0.12 (3 times the exposure prevalence in the M60 population), and the non-cases could be included as controls in the study with a probability of 0.00001 (0.2 times the probability of control inclusion in the M60 population) then the observed odds ratio is 1.29.
In Example B (Figure 2 ), L20 population has an exposure prevalence of 0.08 and the control inclusion probability is 0.00001. Figure 2 shows how changing exposure prevalence and control inclusion probability in the H20 population could result in biased odds ratios. For example, if in the H20 population, the exposure prevalence is 0.01 and the control inclusion probability is 0.0002 (4 times the probability of control inclusion in the M60) then the observed odds ratio is 1.75.
As one can see, realistic scenarios can easily result in biased effect estimates in the magnitude of 1.2-1.7. Relatively extreme selection bias needs to be present, however, to produce biased effect estimates in the order of 2, or beyond. In real life, only limited data are available from a small number of studies to assess these associations.
Case and control participation
In Figure 3 we present the hypothesized causal relationship between residential MF exposure, childhood leukaemia, socioeconomic status, residential mobility, and subject selection and participation in a case-control study. In the following, we discuss each association shown in Figure 3 .
Low participation rate in some of the studies, in theory, provide the potential for control selection bias to occur. We plotted observed effect estimates for measured or calculated MF levels .0.3 mT against case and control participation rates ( Figure 4 ). We observed no decrease in the magnitude of effect estimates with more complete case or control participation, which may argue against the role of selection bias. Low participation rate in case-control studies, however, does not necessarily indicate the presence of selection bias, and a study may be completely unbiased in spite of poor participation. Even if selection and/or response rates are different for cases and controls and/or for exposed and unexposed subjects, it does not necessarily indicate selection bias; selection bias develops only if the selection/inclusion probabilities are differential for cases and controls based on their exposure status; i.e. when the ratio of selection probabilities of exposed and unexposed cases is different from the ratio of the selection probabilities of exposed and unexposed controls. Low overall participation rate, however, may allow for a wider range of differential selection.
Subject participation rates varied widely in past ELF-MFchildhood leukaemia epidemiological studies (Table 1) . 7, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Observed odds ratios as a function of relative control selection probabilities and L20 exposure prevalence 
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The participation (or inclusion) rates in individual studies largely depended on the level of involvement the study required from its participants-each level of involvement usually further decreasing the number of participants in the studies. The four studies from the Nordic countries-calculating MF exposure levels based on the subjects' addresses and, therefore, requiring no contact with the study subjects-included 94-100% of the eligible cases and the eligible and selected controls. [18] [19] [20] 22 The other-all case-control-studies requiring personal contact and at least the completion of an interview tended to achieve lower participation rates of all eligible subjects (participation in the interview phase of the studies could be as low as 68% among eligible cases and 37% among eligible controls). 7, 16, 17, 21, [23] [24] [25] [26] [27] [28] [29] [30] Also, as the level of invasiveness increased for exposure assessment (from wire coding to spot measurements and 24/ 48 h measurements) the participation rates tended to be lower for both cases and controls. In studies with matched analytical design, further reduction in the effective sample size could occur (to as low as 31 and 9% of all eligible cases and controls, respectively) owing to frequently incomplete measurement data on one of the members of the pair. 23, 24 Some of the selection and self-selection processes are reported in some epidemiological studies, therefore, the numbers of participants and participation rates at various levels could be tracked. However, owing to incomplete reporting, tracking of the selection is difficult in many studies. In addition to observable processes of selection and participation, there is also an inherent, unobservable or not always clearly reported selection process when the eligibility criteria and sampling frame for the study are determined. In most studies, there are no reliable estimates on these unobservable selection rates. For example, screening of phone calls makes identification of the entire eligible pool virtually impossible with random digit dialling (RDD). An additional problem arises from the inconsistent ways studies describe their eligibility criteria, selection procedures and participation rates, making it difficult or impossible to compare participation rates across various studies. 31 In addition, in most instances only the marginal rates of participation could be observed (i.e. for cases and controls, or for exposed and Figure 3 Hypothesized causal relationship between residential MF exposure, childhood leukaemia, socioeconomic status, residential mobility, and subject selection and participation in a case-control study unexposed subjects) but not the joint participation rates (i.e. for exposed cases or unexposed cases). Therefore, it is frequently impossible to determine without additional information from outside the study whether the selection process resulted in a biased effect estimate in the study. Although selection bias most frequently refers to control selection bias (i.e. biased selection of controls), case selection bias (i.e. biased selection of cases) may also be a potential problem if non-participation occurs among cases, as well. For example, cases in the Linet et al. study were ascertained through treatment study groups that covered more than half of the cases occurring in the US. This could lead to bias if there were systematic differences between children included in these treatment study groups and children who were not. Potentially more problematic is the inclusion of only childhood leukaemia cases who were in remission in the Canadian studies where personal monitoring was used to assess exposure. In all of theses studies, however, case participation was higher than that of controls. Table 2 shows how overall participation in ELF-MF epidemiological studies was related to the subjects' socioeconomic status. Spinelli et al. 32 analysed data from the 1999 Canadian study of ELF-MF and childhood leukaemia by McBride et al., 27 and found that participating controls tended to live in census tracts with higher average income than did non-participant controls. 33 In the UK study, a marked under-representation of children with lower socioeconomic status can be observed among the participating ELF-MF study controls in comparison with the first-choice controls.
Participation and socioeconomic status

28,29
Hatch et al. 8 reanalysed data from the Linet et al. 1997 study 7 and observed that, compared with partial participants (i.e. subjects who answered the questionnaires and allowed measurements at the front door but did not agree to have measurements done in their homes), full participants (i.e. subjects with both questionnaire and in-home measurement data) tended to have higher socioeconomic status (higher education, higher income, and more likely to own residence). The study had, unfortunately, no information on nonparticipants. In a similar analysis of the German study, Michaelis et al. showed that those who fully participated in the German ELF-MF epidemiological study had, on the average, higher socioeconomic status (e.g. higher family income) and were more likely to live in urban settings than partial participants (i.e. subjects who participated in the interview phase of the study but who did not allow in-home MF measurements). 33 Although children with higher socioeconomic status were thought to have somewhat higher risk of childhood leukaemia, a recent careful examination of the literature showed that there is no consistent association between socioeconomic status and childhood leukaemia. 34, 35 In most ELF-MF epidemiological studies, however, cases tended to have lower socioeconomic status indices than controls (Table 3) . 33 If socioeconomic status does not affect the risk of childhood leukaemia then the socioeconomic status disparities between cases and controls may probably indicate differences in participation between cases and controls based on their socioeconomic status.
Participation and MF exposure
No study was able to determine exposure among nonparticipants. A few studies compared, however, exposure distribution between subjects who partially participated to those who fully participated in a study. Hatch et al. 8 found that full participants were less likely to live in homes with high wire codes (VHCC) or high measured fields (measurements at front door .0.2 mT). Savitz et al., 16 in his 1988 study, compared subjects with and without MF measurements among those with wire code classification. They found that subjects without field measurement were more likely to live in homes with higher wire codes.
Socioeconomic status and MF exposure
There is also limited data available on a potential association between socioeconomic status and MF exposure. Gurney et al.
36
assessed the relationship between family income and wire codes and found that lower family income tended to be associated with higher wire codes. Hatch et al. 8 presented data on the association between some socioeconomic measures and wire codes and German study 21, 33 Interviewed controls without measurement 8.4 32.5
Interviewed controls with measurement 3.6 52.1
Canadian study 27, 33 Non-contactable controls $43 755 Refusals $46 967
Respondent controls $49 809 measured MFs. Subjects with lower annual family income and those who rented (not owned) their homes were more likely to live in homes with the highest exposure categories (VHCC or measured MF . 0.2 mT). An analysis of the German study also showed that lower income tended to be associated with higher MF exposure.
33
Residential mobility It was also hypothesized that selection bias may be occurring through differential participation of study subjects based on residential mobility, similarly to socioeconomic status. Some evidence supporting this hypothesis could be found in the literature. In several studies, cases tended to be more residentially mobile than controls even prior to diagnosis. 21, [25] [26] [27] At the same time, Jones et al. 37 reported that people who changed addresses more frequently (high residential mobility) were more likely to live at an address with higher wire codes. Note, however, that the study might have overestimated mobility, because it was not based on families with children and included in and out mobility, as well. Reanalysis of the German study also showed that partial participants (who gave interviews but did not allow measurements) were more residentially mobile than subjects who fully participated in the study. 33 Examination of selection bias in ELF-MF-childhood leukaemia studies A limited number of studies tried to address directly the issue of selection bias in ELF-MF-childhood leukaemia studies and attempted to identify the direction of bias and to quantify the potential magnitude of bias from this source. Gurney et al.
36
estimated that differential participation of cases and controls by their income status could result in an upward bias of the high wire code-childhood leukaemia association in a case-control study; the odds ratio would be inflated by 1.03 to 1.24-fold. Using GIS-based automatic wire coding of residences in the Denver area-the study area of the Savitz et al. 16 study-Ebi et al. 38 also examined the possible role of selection bias in the Savitz et al. study. They found that when random samples of hypothetically eligible residences in the study area were included as controls, the effect estimate for HCC vs LCC comparison was lower (odds ratio 5 1.32) than when the original study controls were used (odds ratio 5 1.55).
The most comprehensive evaluation of the possible role of selection bias in an existing study was an already mentioned analysis by Hatch et al. 8 They demonstrated that the association between measured MF exposure .0.3 mT and childhood leukaemia development was stronger when only full participants were included in the analysis (odds ratio 5 1.9) as compared with an analysis that included all subjects (partial and full participants) (odds ratio 5 1.6). Similar reduction was also seen in the effect estimates for wire codes. This was, however, highly limited by the fact that the study assessed what one would have to suspect as being only the tip of the selection bias iceberg. Every single person in Hatch's analysis had already been successfully identified, selected, contacted, and had at least some field strengths measured. Thus the distinction between partial and full participation would be slight.
Most recently in a simulation study using the German data, Schuz and Feychting 39 estimated the likely magnitude of selection bias by imputing MF exposure levels for nonparticipants based on characteristics of their residence. They found that inclusion of non-participants in the analysis resulted in a substantial decrease in the observed relative risk estimates (from 2.8 to 1.6).
The results of these studies support the argument that selection bias is, in fact, likely to occur in ELF-MF-childhood leukaemia epidemiological studies, and this bias is likely to result in bias away from the null, i.e. in overestimation of the potential effect of ELF-MF on childhood leukaemia incidence.
The pooled analysis by Ahlbom et al., 6 provides a strong argument against the role of control selection bias as the explanation for the association between childhood leukaemia and MFs. The Nordic studies, requiring no direct contact with study subjects, achieved high participation rate, and were less prone to selection bias than other case-control studies. If the entire association was due to selection bias, we would expect an association only among those studies with the potential for selection bias and not in the Nordic studies where selection bias is unlikely. In fact, the pooled analysis showed similar risk increases in the Nordic studies as in the rest of the studies. Note, however, that of the 44 case children with average exposure .0.4 mT in the pooled analysis, only eight were from the Nordic studies and five of these eight children came from one single study from Sweden. 6 Also arguing against selection bias is the fact that adjustment for socioeconomic status in both pooled analyses had little effect on the relative risk estimates. 5, 6 Another argument against selection bias is that there is an apparent lack of a consistent association in studies of childhood brain tumours and residential MFs. 40 Many of the 
Conclusions
Owing to low participation among cases and controls in past studies, the potential for selection bias is large in all studies of ELF-MF exposure and childhood leukaemia, except for the ones that were based on existing records and thus did not require subject participation. This seems to be particularly true for studies that used RDD and also for studies that used medical rolls or birth certificates.
In reviewing the epidemiological literature on ELF-MF exposure and childhood leukaemia, we found evidence both for and against the existence of selection bias. The available evidence that may indicate that control selection bias is a potential explanation for the epidemiological association between ELF-MF and childhood leukaemia is yet rudimentary. Most of the evidence relates to wire codes, which are imperfect measures of MFs, or they examine only partial participants and not non-participants. The biggest challenge will be to establish how the distribution of measured MFs among non-participants differs from the distribution among participants. To understand the exact role of selection bias in the association between MF and childhood leukaemia, it will also be important to determine how socioeconomic status relates to the exposure of interest and to subject selection and participation.
Even if present, selection bias may not necessarily explain the entire association between MF exposure and childhood leukaemia. If, however, control selection bias proved to be the explanatory factor for the MF-childhood leukaemia association, this would have tremendous implications for epidemiology in general, and especially for case-control studies of any environmental exposures or other factors related to socioeconomic status and/or residential mobility. It is particularly true for studies examining weak associations. For rare diseases, such as cancers, case-control design is now the accepted and most common approach. A large percentage of these studies might be also susceptible to similar selection bias.
Future case-control studies should pay particular attention to the entire process of subject (case and control) selection, inclusion, and participation. Attempt should be made by the authors to identify and report every step along the course of subject selection. It should include the thorough and exact identification (with all the inclusion and exclusion criteria) of the base population, the determination of how the actual sampling pool relates to the base population, and the recording of all levels of selection, inclusion, participation, and non-participation. Reporting should not be limited to a statement, such as, 'X (usually high) percentage of the subjects participated in the study', which typically refers to the very last step of the subject inclusion process. Investigators should also collect the maximum amount of information possible regarding all non-participant and partial-participant subjects, and conduct simulations to evaluate the magnitude and direction of any potential bias introduced by the subject selection process.
The difficulties of proper control selection and case recruitment are likely to get only worse in the future. Changing society and technology, such as telemarketing, call screening, and mobile phones will make RDD obsolete. 41 However, the advent of an Internet might provide opportunities for new study designs and subject recruitment and engagement techniques.
